REVISION

Bronchoalveolar lavage studies of pulmonary surfactant

Patricia L. Haslam

Cell Biology Unit, National Heart & Lung Institute, Dovehouse Street,

Londres SW3 6LY, Reino Unido.

Introduction

Pulmonary surfactant is a complex material, contai-
ning highly surface-active components, which spreads
to cover the alveolar epithelial surfaces of the lungs'.
Because of its surface-active properties, it plays an
important role in lung function by reducing the surfa-
ce tension of the alveolar epithelial lining fluid to
counteract the forces which would otherwiese cause
the alveoli to flood, and the lungs to collapse at low
lung volumes when the intra-alveolar pressures are
low compared with the transpulmonary pressures’.
The main components of the pulmonary surfactant
system are phospholipids which account for about
85% of the total components; and the main phospholi-
pid component is dipalmitoylphosphatidylcholine
(DPPC), which is also the main surface active compo-
nent. In addition, the surfactant system contains
about 8% proteins, 5% neutral lipids and 2% carbohy-
drates. In recent years, it has been shown that a num-
ber of the protein components are specific to the
surfactant system and they, together with the main
phospholipid components, are essential for the effi-
cient functioning and turnover of surfactant compo-
nents3. The main phospholipids and specific proteins
of the surfactant system are synthesised and secreted
by the type II alveolar lining cells. After synthesis, the
phospholipids are stored within the cytoplasm of the
type II cells in specialised organelles termed lamellar
bodies, from which they are released onto the alveolar
epithelial surfaces. The surfactant-specific proteins
are transported separately to the cell surface in multi-
vesicular bodies. The released phospholipids and pro-
teins interact extracellularly in the aqueous hypophase
of the alveolar epithelial lining fluid to form unusual
lattice structures known as tubular myelin, and these
structures aid the adsorption and spreading of a mo-
nolayer film of phospholipid onto the surface of the
epithelial lining fluid. Because of their polar nature,
the molecules of phospholipid align at the air-liquid
interface with their hydrophilic head groups in the
liquid and their hydrophobic fatty acid tails in the air
space. The compression of these molecules during
expiration generates an increasing film pressure which
opposes, and reduces, the force of surface tension at
the air-liquid interface. This minimises the pressure
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differences across the air-liquid interface as the alveo-
li change in size, consequently stabilising the alveoli
and allowing them to remain open during the entire
cycle of breathing. The cycles of contraction and ex-
pansion exhaust the surface phospholipid which is
continuously expelled from the monolayer and recy-
cled back to the type II cells for re-synthesis. Some of
the exhausted phospholipid is also removed through
phagocytosis by alveolar macrophages. Phospolipid
recycling to type II cells is aided by the main surfac-
tant-specific protein, surfactant apoprotein A (SP-A),
which interacts with phospholipids and attaches to
SP-A receptors on the surface of the type II cells*.
Thus the synthesis and turnover of surfactant phosp-
holipids and apoproteins is a highly dynamic process;
and it is clear that any pathological event wich causes
a marked defect in surfactant synthesis and/or turno-
ver could have catastrophic consequences. This is dra-
matically demonstrated in the infant respiratory dis-
tress syndrome (IRDS), where defective production of
surfactant in premature infants due to immaturity of
type II cells at the time of birth can lead to acute
respiratory failure because of inadequate alveolar in-
flation causing alveolar instability, flooding and co-
llapse. The classic report of Avery & Mead in 1959 led
to the recognition that pulmonary surfactant defi-
ciency is the primary aetiologic factor in the pathoge-
nesis of IRDS®. Numerous subsequent investigations
have provided extensive information on the bioche-
mical composition and biophysical function of the
pulmonary surfactant system and on the nature of the
defect in IRDS'2, Various types of exogenous surfac-
tant have been developed for use in the treatment of
IRDS, and these are now of established therapeutic
benefit. The consensus from many clinical trials is
that both natural and synthetic surfactants can reduce
mortality by up to 50% when used prophylactically in
premature infants at risk of IRDS, and that natural
surfactants can also reduce mortality by up to 40%
when used in rescue therapy in infants with establis-
hed IRDSS.

Despite the extensive knowledge of the surfactant
system gained in the paediatric field, much less is
known about the surfactant system in adult lung di-
seases. There is, however, much current interest in the
prospects for employing exogenous surfactant therapy
in the adult respiratory distress syndrome (ARDS).
This catastrophic acute lung injury can occur in asso-
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ciation with a wide range of risk factors; and it is
characterised by widespread high permeability pulmo-
nary oedema, massive atelectasis and respiratory fai-
lure with clinical and histological features resembling
the IRDS’. Surfactant changes are not the primary
aetiologic factor in ARDS, but they develop as a se-
condary factor during the course of the syndrome and
are a most important contributory factor in the pat-
hophysiology. The technique of bronchoalveolar lava-
ge (BAL) facilitates studies of the surfactant system in
adult lungs, and the aim of the remainder of this
review is to summarise some of the current informa-
tion gained using BAL to investigate normal human
pulmonary surfactant in adult volunteers, and to
study the compositional alterations which occur in
ARDS and in other adult lung diseases. Evidence that
the pulmonary surfactant system may play an impor-
tant role in host defence, will also be summarised.

Normal pulmonary surfactant

Information on the composition of normal pulmo-
nary surfactant has been obtained by investigating
BAL samples from healthy adult volunteers. The BAL
samples are spun at low speed (=< 300 g) for 10 minu-
tes at 4 °C immediately after collection, to remove
cells which might otherwise contaminate the surfac-
tant components with cell-derived lipids and proteins.
High centrifugation forces must not be used because,
apart from inducing cell damage, these can also sedi-
ment and cause loss of aggregates of surfactant phos-
pholipids and proteins in the form of tubular myelin.
To evaluate the surfactant phospholipid composition,
lipids are extracted from the cell-free BAL fluids using
conventional methods, for example  chloroform-me-
thanol extraction, then the main phospholipid classes
are separated and quantified by thin-layer chromato-
graphy or high-pressure liquid chromatography'=. The
results of such studies have shown that phosphatidyl-
choline (PC) accounts for on average 73% of the
phospholipid in lavage samples from normal healthy
non-smoking human volunteers, and that it is mostly
in the form of saturated DPPC which is highly surface
active. Phosphatidylglycerol (PG) is the second major
phospholipid component accounting for on average
12% of the phospholipid, while the remainder include
the minor components phosphatidylinositol (PI),
phosphatidylethanolamine (PE), phosphatidylserine
(PS), sphingomyelin (SM), cardiolipin, and lysophos-
phatidylcholine none of which account for an average
of more than 3% of the total phospholipid. By con-
trast with the phospholipid composition of pulmonary
surfactant, phospholipids in lung tissue and blood
plasma contain lower proportions of PC (mean <
50%), and much lower proportions of PG (< 2%), but
lung tissue contains higher proportions of PE (mean
17%) and both lung tissue and blood plasma contain
higher proportions of SM (mean 11% and 24% respec-
tively). In pathological situations, damage to lung tis-
sue and leakage of plasma into the alveolar air spaces
can contaminate the pulmonary surfactant system.
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This can result in abnormal elevations in PE and SM
(as well as in proteins and other tissue or plasma-
derived components) in the BAL samples. Interes-
tingly, we have observed that BAL samples from ap-
parently healthy normal volunteer cigarette smokers
contain significantly higher proportions of PE and SM
compared with non-smoking volunteers®, indicating
that smoking-related tissue damage is sufficient to
have a measurable effect on the surfactant system.
The functional consequences of such contamination
in smokers has not yet been investigated.

There is much less information about the specific
protein components of the pulmonary surfactant
system, since these have only been discovered in rela-
tively recent years*. However, four proteins have been
identified to date including the hydrophilic glycopro-
teins surfactant apoprotein A (SP-A) and SP-D, and
the hydrophobic apoproteins SP-B and SP-C. SP-A is
the major surfactant apoprotein and it interacts with
phospholipids®, SP-B, SP-C and calcium ions to parti-
cipate in the formation of tubular myelin. SP-B and
SP-C play a further essential role in enhancing the
adsorption and spreading of the monolayer of phos-
pholipid at the air-liquid interface of the lung lining
fluid; and SP-B also promotes the squeezing out of
impurities from the lipid monolayer'®. SP-A then re-
gulates phospholipid recycling to type II cells for
resynthesis and regeneration® There is also evidence
that SP-A plays a role in host defence by enhancing
the phagocytosis and killing of micro-organisms by
alveolar macrophages; and recent evidence suggests
that SP-D may play a similar role in host defence.
Currently, little is known about the levels of surfac-
tant apoproteins in normal BAL samples and any
changes which might occur in human lung diseases.
This is an important field of current research, and it is
probable that synthetic surfactants now being develo-
ped containing recombinant surfactant apoproteins in
addition to phospholipids, may prove an important
advance because they more closely mimic the natural
product.

Adult respiratory distress syndrome

Catastrophic acute lung injury resulting in ARDS
can occur in previously healthy individuals after ex-
posure to a wide variety of risk factors, including
sepsis syndrome, infectious pneumonias, aspiration
pneumonia, cardiopulmonary bypass, smoke inhala-
tion, multiple blood transfusions, disseminated intra-
vascular coagulation, trauma or multiple fractures’.
The initial insult, by mechanisms not fully unders-
tood, leads to massive pulmonary oedema as a result
of increased vascular capillary permeability to plasma
proteins due to damage to the alveolar endothelium
and epithelium. Patients develop life-threatening acu-
te respiratory failure which in many cases progresses
to multi-organ failure and death. The syndrome was
first described by Ashbaugh et al in 1967'!, and the
mortality rate still remains at 60-70% despite impro-
vements in mechanical ventilation. The mechanisms
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which initiate the syndrome are varied but they all
involve processes which damage the pulmonary vas-
cular capillaries. In many cases, this appears to be the
consequence of the activation of circulating neutrop-
hils resulting in their increased accumulation within
the pulmonary capillaries and extravasation into the
interstitium and air spaces. The neutrophils exhibit
enhanced surface expression of adhesion molecules
(including the CD11/18 group of molecules and L-se-
lectin), and enhanced levels of adhesion molecules
(including the ICAMS and P- and E-selectins) are also
thought to be expressed on the vascular endothelial
cells. Activated neutrophils adherent to the endothe-
lium are then thought to cause endothelial damage by
releasing toxic oxygen radicals, proteolytic enzymes
and other potentially damaging mediators. Leakage of
plasma components through the damaged endothe-
lium into the alveolar spaces then contaminates the
pulmonary surfactant system sufficiently to result in
its dysfunction. Alveolar macrophages become activa-
ted as a consequence of the inflammatory response,
and then contribute to amplify endothelial and epithe-
lial damage through the release of oxidants and in-
flammatory mediators, including the cytokines inter-
leukin-1 and tumour necrosis factor-a, and interleu-
kin-8, which are thought to enhance the expression of
adhesion molecules promotes the recruitment of neu-
trophils. BAL samples from patients with established
ARDS contain strikingly increased numbers of neu-
trophils often accounting for more than 70% of the
total BAL cells'?.

Measurement of total protein and albumin levels in
the BAL samples of ARDS patients provides a useful
quantitative and qualitative indication of the extent
of contamination of the surfactant system by proteins
derived either from plasma leakage or damaged tissue
components. To allow for the problem of uncontrolled
dilution of components during the BAL procedure, we
recommend expressing the results of total protein and
albumin measurements as ratios: total phospholipid
(PL) and: PC. These rations are significantly increa-
sed in patients with established ARDS compared to
healthy controls. The majority of patients with ARDS
also have evidence of defective surfactant production,
suggesting type II cell damage. This is indicated by
significant decreases in the proportion (relative to the
total BAL phospholipid) composed of the major sur-
factant phospholipid PC, and in the levels and pro-
portions of the second major phospholipid compo-
nent of the surfactant system PG. Proportions of SM
are also increased in BAL in ARDS giving an additio-
nal indication of contamination of surfactant from
tissue or plasma.

Currently, there is much interest in the prospects
for surfactant therapy in ARDS; and a clinical trial of
the artificial surfactant ‘Exosurf’ (Wellcome Founda-
tion), introduced by nebuliser over the first five days
in patients with sepsis-related ARDS, is in progress in
the USA. The results are still awaited. However, more
information is needed about the exact nature of the
surfactant alterations at different stages in the deve-
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lopment of ARDS and in relation to different risk
factors to better define the optimal rationale for the-
rapy. Serial BAL studies may provide such informa-
tion, and are in progress at our own and other centres.
There has been one detailed report of serial BAL
studies in patients with ARDS associated with trau-
ma'’ showing that total protein levels in BAL were
strikingly increased throughout the first week of the
syndrome in patients with severe ARDS, then tended
to fall during the second week buet were still above
normal control levels at the end of 14 day follow-up.
By contrast, proportions of the major surfactant
phospholipid PC were only moderately decreased dur-
ing the first week but fell progressively and were stri-
kingly decreased by the second week. Thus in patients
with trauma-associated ARDS, surfactant therapy at
an early stage of the syndrome would need to overco-
me surfactant deficiency due mainly to protein conta-
mination but therapy at later stages would need to
overcome deficiency due to both protein contamina-
tion and defective production of surfactant compo-
nents. There is no reported information on attempts
to treat late-stage ARDS with exogenous surfactant,
but we have recently had the opportunity to investiga-
te four patients treated in the Adult Intensive Care
Department of the Royal Brompton Hospital with
‘Artificial Lung Expanding Compound (ALEC)’ (Bri-
tannia Pharmaceuticals), ‘ALEC’ is a mixture of 70%
DPPC and 30% unsaturated PG, and it was intro-
duced via intratracheal instillation in a total dose of
3.2¢. The treatment was of no sustained objective
clinical benefit but BAL samples before and 24 hours
after therapy showed that it achieved a measurable
supplementation of in vivo PC and PG levels and
proportions'4, Qur findings further suggest that thera-
peutic formulations to achieve greater supplementa-
tion of PC may be required. Combined treatment
with anti-inflammatory drugs may also be indicated
since we also observed that surfactant therapy did not
result in any significant suppression of neutrophils in
BAL. There is little information on levels of surfac-
tant-specific proteins in patients with ARDS, but Gre-
gory et al'®> have recently reported that both SP-A and
SP-B levels are significantly decreased in BAL and
that SP-A levels are also decreased in patients at risk.
This suggests that therapeutic surfactants containing
surfactant-associated proteins in addition to phospho-
lipids may be of greater potential benefit in the treat-
ment of ARDS than preparations containing mainly
phospholipid.

Regarding anti-inflammatory therapy in patients
with ARDS, many clinical trials of corticosteroids
have been conducted with the aim of suppressing the
release of inflammatory mediators by neutrophils'®.
Most of these trials have concluded that corticoste-
roids are of no therapeutic benefit either for prophyla-
xis in patients at risk (mainly sepsis syndrome) or for
early-stage treatment of ARDS. However, there have
been a number of recent case reports indicating that
corticosteroids can be of value in those patients with
late-stage ARDS who develop the complication of
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pulmonary fibrosis'’. We have reported one such case
in whom both BAL neutrophil counts and phospholi-
pid levels and proportions of PC and PG normalised
in association with a striking clinical response'®. This
observation suggests that the beneficial effects of cor-
ticosteroids may be due to not only the antiinflamma-
tory effects but also to the known ability of corticoste-
roids to stimulate the secretion of surfactant phospho-
lipids by type II alveolar epithelial cells, either di-
rectly or by stimulating fibroblasts to produce a
‘fibroblast pneumocyte factor’ which can enhance sur-
factant synthesis'®.

Chronic fibrosing lung diseases

In view of the beneficial effect of corticosteroid
therapy on the fibrotic stage of ARDS, it is of interest
that we have observed an association between corti-
costeroid response and increased synthesis of pulmo-
nary surfactant in patients with the chronic fibrosing
lung disease, cryptogenic fibrosing alveolitis (CFA)
(synonym: idiopathic pulmonary fibrosis [IPF]). Pa-
tients with CFA, like those with ARDS but to a much
lesser degree, have evidence of damage to the alveolar
epithelium and endothelium, increased lung permea-
bility and significant increases in BAL neutrophils.
Moreover, we have found that a third of patients with
CFA also show significant decreases in the surfactant
phospholipid PG, and a quarter show significant in-
creases in SM in BAL?. The PG and SM levels retur-
ned to normal in patients who responded to corticos-
teroid therapy. These observations suggest that distur-
bances of the pulmonary surfactant system may also
contribute to the pathophysiology of CFA. Reductions
in PG in CFA (IPF) have also been reported by Ro-
binson et al?! and in an experimental model of pulmo-
nary fibrosis induced by bleomycin by Thrall et al®2.
The functional consequences of PG deficiency in
adult lungs are unclear, but experimental models of
acute lung injury show that this pattern of change in
BAL phospholipid composition can occur in associa-
tion with regeneration of type II alveolar epithelial
cells after injury?®. McCormack et al?* have recently
reported that SP-A levels are also significantly decrea-
sed in lavage samples from patients with CFA (IPF);
and that those with the lowest pretreatment levels
have an especially poor prognosts. These observations
emphasise that there is a need for more extensive
research to elucidate the contribution of surfactant
deficiencies to the pathophysiology of chronic, as well
as acute lung diseases.

Role in host defence

The focus of research on the functions of pulmo-
nary surfactant has been mainly on its biophysical
properties which regulate alveolar surface tension and
prevent lung collapse. However, the pulmonary sur-
factant system also appears to play an important role
in pulmonary immune defence mechanisms. Evidence
from studies of BAL samples suggests that normal
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pulmonary surfactant promotes the natural ‘non-spe-
cific’ immune defence mechanisms which protect the
air spaces against inhaled particles and microbes; but,
by contrast, it suppresses the development of specific
immune responses mediated by lymphocytes. Many
studies have shown that lymphocytes from the alveo-
lar spaces of normal lungs are less responsive to mito-
genic and antigenic stimulation than their counter-
parts in the blood. Mechanisms appear to exist to
down-regulate and avoid the development of lympho-
proliferative responses to the many antigens we inhale
each day from the environment. Presumably this is
essential to prevent a constant state of immune hyper-
reactivity in the lungs which would be detrimental to
life. The first evidence that pulmonary surfactant is
immunosuppressive to lymphocytes came from the
observation of Ansfield et al®® that normal surfactant
form canine lungs suppresses the proliferation of cani-
ne blood lymphocytes. Subsequently, work from our
group showed that normal pulmonary surfactant from
human, pig and rabbit, also suppresses human blood
lymphocyte proliferation to mitogens and alloanti-
gens?®, The lipid fraction was highly immunosuppres-
sive; and studies with purified phospholipids demons-
trated that the major phospholipid components of
surfactant PC and PG were highly immunosuppressi-
ve, but that the minor components SM and PE which
can increase due to tissue damage, are highly immu-
nostimulatory?’. Thus, its is possible that changes in
the surfactant system, seen in both acute and chronic
lung diseases, might favour the development of pul-
monary inflammation.

On the other hand, there is strong evidence that
pulmonary surfactant plays an important role in en-
hancing ‘non-specific’ immune defence mechanisms
in the alveoli. Surfactant lipids and SP-A have been
shown to be chemotactic for alveolar macrophages?®?°
and SP-A can enhance the phagocytosis and killing
of microorganisms by alveolar macrophages®®. The
surfactant system also aids non-specific mechanical
clearance mechanisms within the lungs through its
biophysical properties which promote clearance of
cells and particles towards the mucociliary escalator at
end expiration, due to the increasing film pressure
exerted by the surface monolayer of phospholipids.

In conclusion, it is clear from this brief review that
BAL is of considerable value to study the pulmonary
surfactant system; in particular, to investigate altera-
tions in lung diseases, the biological properties, and
the prospects and rationale for surfactant therapy.
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